P aravalvular leakage (PVL) is uncommon but potentially serious complication after valve replacement, which occurs 7% to 17% after mitral valve replacement (MVR) and 2% to 10% after aortic valve replacement. 1,2 Although most PVLs are asymptomatic and have a benign clinical course, an estimated 1% to 5% of patients with PVLs show serious clinical consequences, with especially more undesirable outcomes being observed in mitral PVL with higher reoperation rates. [3] [4] [5] 
CT for Mitral PVL Detection reference, and to compare the diagnostic performance of CT with those of TTE and TEE.
Methods

Patients
The Institutional Review Board of our institution approved this retrospective study, and informed consent was waived. We retrospectively searched the database for cardiac CT examinations performed between March 2010 and October 2014. Among 23 460 consecutive patients who underwent CT during this period, we included 297 patients with previous MVR before CT (Figure 1 ). We excluded patients who did not receive an echocardiographic examination (TTE or TEE; n=10), patients with an interval between echocardiography and CT of >90 days (n=45), and patients who did not have multiphase CT data (n=38). Ultimately, a total of 204 patients were included in the study population. Demographic data and information on the prosthetic valves and surgical findings were collected from electronic medical records. At our institution, cardiac CT is routinely performed when prosthetic valve dysfunction is suspected, particularly in cases requiring reoperation. Patients underwent cardiac CT for the evaluation of suspected abnormalities of the prosthetic MV (n=59; mitral PVL: n=32; dysfunction because of prosthetic MV obstruction: n=19; infective endocarditis: n=8) or disease of valves other than the MV (n=33), immediate postoperative evaluation after MV surgery (n=8), evaluation of suspected coronary artery disease (n=89), pulmonary vein evaluation before radiofrequency ablation (n=13), and coronary artery bypass graft evaluation (n=2). Presence of hemolytic anemia was defined when the hemoglobin level was <12 g/dL and one or more laboratory signs of hemolysis (increased bilirubin, increased lactic dehydrogenase, or reticulocytosis) were present. 16 Total bilirubin >1.2 g/mL, lactic dehydrogenase >200 U/L, and reticulocyte count >1.5% were defined as the laboratory signs of hemolysis.
CT Acquisition
All CT scans were performed with a dual-source CT scanner (SOMATOM Definition Flash; Siemens Healthcare, Forchheim, Germany). Scans were performed with the retrospective ECG-gated data acquisition mode. ECG-based tube current modulation was not used to allow the prosthetic valves to be imaged during the entire cardiac cycle. All CT scans were performed using the triple-phase injection method (70 mL of iopamidol followed by 30 mL of 50% blended iopamidol with saline and 20 mL of saline at 5 mL/s).
From raw data sets, images were generated using filtered back projection. Image reconstruction was performed with a medium kernel (b36f), and the reconstruction slice thickness was 0.75 mm with a 0.5-mm increment between slices. For all patients, 10 transverse data sets were reconstructed every 10% of the cardiac cycle. Reconstructed images were transferred to an image server and analyzed using dedicated 3-dimensional software (Aquarius iNtuition, Ver 4.4.11, TeraRecon, San Mateo, CA).
CT Analysis
All CT analyses were performed by 2 independent radiologists who were blinded to clinical information, the results of TTE and TEE, and CT analysis results of the other reader. When disagreement in the CT analysis was observed between CT readers, the final decision was made through a consensus reading. CT image quality was assessed and classified into good, fair, and bad: good=presence of no or minimal artifacts with clear visualization of the prosthetic MV and subvalvular structures, fair=presence of metallic artifacts yet sufficient image quality to evaluate the presence of PVL, and bad=presence of severe artifacts and nondiagnostic for appropriate evaluation of the prosthetic MV. Prosthetic MV evaluation was performed using multiplanar reformatted images in cine mode. Assessment of a prosthetic MV via CT consisted of an evaluation for presence of PVL and other abnormalities, such as prosthetic valve obstruction (vegetation, pannus, or thrombus) or limitation of motion of the prosthetic MV. The short-axis view of the MV was used to assess the presence and location of PVL. If PVL was present, the location was recorded using a localization system based on the surgical view ( Figure 2 ; Figure I in the Data Supplement) 17, 18 and classified as 1 of 4 groups: anterolateral, posterolateral, posteromedial, or anteromedial. The size of the mitral PVL was assessed by measuring the area and perimeter on the short-axis view. When CT image quality was bad and not assessable for PVL evaluation, PVL was considered to be absent for the purpose of data analysis (Figure 3 ).
TTE and TEE
Conventional 2D TTE studies were performed on 198 patients (97.1%) within the 90-day interval from CT. Doppler color flow mapping was used to assess the competence of the prosthetic valves. A high-velocity, eccentric turbulent jet with its origin beyond the edge of the sewing ring was considered to indicate PVL. A laminar, lowvelocity regurgitant jet with its origin within the orifice of the sewing ring was considered to indicate transvalvular leakage. The presence of a regurgitant jet was examined using continuous-wave Doppler. The severity of PVL was assessed semiquantitatively using the maximal widths of the vena contracta; mild, moderate, and large PVL were defined with widths of 1 to 2, 3 to 6, and >6 mm, respectively. 19 In addition, the presence of occult mitral prosthesis regurgitation was suspected when the following signs were present: flow convergence downstream of the prosthesis during systole, increased mitral cardiologists. The severity of PVL was assessed as mild, moderate, or severe according to the recommendations for native valve regurgitation based on jet width, length, and area on color-flow images and the relationship between the regurgitation jet area and the left atrial area. If PVL was present, the location was defined with respect to the aortic valve, same as was done with CT ( Figure 2 ). 17, 18 As it is not possible to obtain cross-sectional visualization of the MV and PVL origin with 2D TEE, expert cardiologists interpreted the location of each PVL based on multiple 2D image planes.
Surgical Finding on Redo-Operation
Among patients who underwent redo-surgery for valves after CT scan, intraoperative TEE was performed for identification of mitral PVL and other abnormalities of the cardiac valves. For patients who underwent redo-surgery for MV, the presence of a PVL orifice was confirmed by inspection on the surgical view.
Statistical Analysis
Statistical analyses were performed using a computerized statistic program (SAS (version 9.2; SAS Institute Inc., Cary, NC). Normally distributed data were identified using the Shapiro-Wilk W test. Continuous variables were presented as mean±standard deviation and compared using the independent t test for normally distributed data or the Mann-Whitney U test for non-normally distributed data.
The interobserver agreement between the 2 CT readers was analyzed using weighted kappa statistics for categorical variables and the interclass coefficient for continuous variables. The correlation between the size of mitral PVL on CT (area and perimeter) and the severity on TTE or TEE was analyzed using Spearman's correlation coefficient. The diagnostic performance of CT for diagnosing mitral PVL and other findings for prosthetic MVs was assessed using surgical findings as the standard reference. The diagnostic performance for detection of other findings was analyzed for all other findings, vegetations, and findings other than vegetations. To compare the diagnostic performance of CT with TTE and TEE for the detection of mitral PVL, as well as for the detection of other findings for the prosthetic MV, the generalized estimating equation for logistic regression analysis and the weighted least square method for repeated categorical data analysis were used. The agreements on the location of PVL between CT and surgical findings and between TEE and surgical findings were analyzed using Cohen's kappa statistics. Probability values <0.05 were considered statistically significant.
Results
The final study population consisted of 204 patients, and clinical and CT information is summarized in 
CT Image Analysis of the Prosthetic MV
The CT image quality was considered good in 174 patients, fair in 18, and bad in 12. The interobserver agreement of detection of PVL was excellent between the 2 observers (weighed kappa value =0.844, 95% confidence interval [CI] 0.737-0.951).
Of the CT scans, 18.1% showed PVL of the prosthetic MV ( Table 2 ). The posterolateral location (43.2%) was the most frequently found location of mitral PVL on CT. The interclass coefficients between the 2 readers for measurement of the area and perimeter were 0.960 (95% CI, 0.911-0.982) and 0.919 (95% CI, 0.819-0.964), respectively, representing excellent agreement. The area and perimeter of mitral PVL measured on CT were a median of 0.69 cm 2 (25th-75th percentile, 0.44-1.27 cm 2 ) and a median of 40.2 mm (25th-75th percentile, 28.3-59.0 mm), respectively. CT revealed other abnormalities of the prosthetic MV in 31 patients. The interobserver agreement of detection of other abnormalities was 0.821 (95% CI, 0.708-0.934).
TTE and TEE Data
The interval between TTE and redo-surgery was a median of 13.5 days (25th-75th percentile, 6-37 days), and the interval between TEE and redo-surgery was a median of 11 days (25th-75th percentile, 6-22 days). On TTE, 16 .2% (32 of 198) showed PVL of the prosthetic MV ( Table 2 ). Among 68 patients who underwent TEE, 29 patients (42.6%) had PVL at the prosthetic MV on TEE. The posteromedial location (9 of 29, 31.0%) was the most frequently found location for PVL on TEE. The degree of mitral PVL was mild in 14, moderate in 13, and severe in 5 patients on TTE and was mild in 4, moderate in 10, and severe in 15 patients on TEE. PVL size measured on CT and PVL severity on TTE and TEE showed a positive correlation (Table 3 ; P<0.05, except between area on CT and PVL severity on TEE). There showed substantial or good agreements between imaging modalities for the presence of PVL ( The location of PVL on the surgical field was not recorded in 3 of the 32 PVL cases. Among the remaining 29 patients with PVL on the surgical field, CT accurately identified the location of PVL in 22 patients (75.9%). Among patients in whom the location of PVL on the surgical field was recorded, TEE correctly identified the location of the PVL in 19 of 23 patients (82.6%). The weighted kappa values for agreement of PVL location with the surgical field were 0.710 (95% CI, 0.506-0.914) for CT and 0.767 (95% CI, 0.561-0.972) for TEE. Both CT and TEE correctly revealed the location of PVL in 19 patients, although in 1 patient, both methods incorrectly predicted the location ( Table III in the Data Supplement). Among 5 cases in which TEE found the incorrect location or could not detect PVL, CT identified the correct location in 3 cases. TEE identified the correct location of PVL in 5 of 7 cases in which CT had indicated incorrect localization or false-negative results.
On the surgical field, other findings than mitral PVL were present in 22 cases. The overall sensitivity, specificity, positive predictive value, negative predictive value, and diagnostic accuracy for detection of other findings were 81.8% ( CT showed better diagnostic performance than TTE; however, it showed lower sensitivity (85.7%), yet higher specificity (97.2%) than TEE (sensitivity 100%, specificity 93%), although no statistical significance was observed (P>0.05). For abnormalities other than vegetation, CT showed better diagnostic performance than both TTE and TEE (P<0.05 for comparison of sensitivity between CT and TTE).
Discussion
Our study shows that cardiac CT can accurately detect mitral PVL, with surgical findings as the standard reference. CT showed better diagnostic performance for mitral PVL when compared with TTE, with especially higher sensitivity and negative predictive value and comparable diagnostic performance to TEE, although no statistical significance was observed. Both CT and TEE had similar agreement for the localization of PVL.
The reported prevalence of mitral PVL after valve replacement ranges from 7% to 17% by echocardiography. The prevalence of PVL in our study was 18.1% and 16.2% on CT and TEE, respectively, which was consistent with the results of previous studies. A few studies reported the potential of cardiac CT use in the evaluation of PVL in prosthetic valves. 13, 14 However, there have been few studies investigating the diagnostic performance of CT in the detection of mitral PVL. For the evaluation of prosthetic valve dysfunction, TTE, frequently with TEE, has been accepted as the standard modalities. In our study, CT showed similar diagnostic accuracy for the detection and localization of mitral PVL compared with TEE. Moreover, the measured size of PVL on CT was significantly correlated with the severity estimated on TTE and TEE. Considering that PVL severity is a major determinant factor of surgery for treatment, the size of PVL on CT can be useful information in deciding the necessity of reoperation. 21 Surgery has been the standard therapy for the treatment of clinically significant PVLs, despite the significant mortality associated with reoperation. However, percutaneous transcatheter closure has been recently used for the treatment of PVLs using a variety of techniques with reported technical success ranged from 77% to 86%. 15, 22 To adequately select the device and access route, which can determine the success rate of the procedure, the PVL location and anatomic characteristics, such as shape, width, and calcification, may be important factors. Therefore, preprocedural imaging plays an important role in providing information regarding PVL anatomy and location. In most of the cases in our study, cardiac CT provided accurate information on PVL anatomy comparable to TEE. Also, CT may have additional value to TEE when the TEE images are not satisfactory for evaluation because of acoustic shadows. In 3 of 5 cases in which TEE could not detect or correctly predict the location of PVL, CT correctly identified the PVL location.
In addition to the detection and localization of PVL, cardiac CT showed better diagnostic accuracy for other findings of the prosthetic MV than TTE and TEE, especially for findings other than vegetation. Because of its inferior temporal resolution to echocardiography, CT may have limited diagnostic value for the assessment of small vegetation. 23 However, both TTE and TEE may also not satisfactorily evaluate findings regarding the prosthetic valve because of imaging distortions from acoustic shadowing. When prosthetic valve dysfunction is clinically suspected but echocardiographic results are inconclusive, cardiac CT can play a complementary role in the detection of PVL and other abnormalities regarding the prosthetic MV. TEE has been reported to have additional value to TTE for the evaluation of prosthetic mitral regurgitation, with high sensitivity and specificity for detection and assessment of its mechanism, 7 as shown in our study. Although cardiac CT showed better diagnostic accuracy for the detection of mitral PVL than TTE in our study, the role TTE plays in prosthetic valve evaluation should not be overlooked. Some indirect findings on Doppler suggest the possibility of PVL on TTE, 19 which can result in further evaluation, such as TEE or CT. In our study, TEE was largely performed not only in cases in which TTE could detect PVL but also in cases in which TTE could show indirect findings for PVL without definite PVL flow. Therefore, TTE may help hemodynamic evaluation in patients with prosthetic valves and can be a screening tool for the mitral PVL. In contrast, TEE and CT may provide further information regarding anatomic details, particularly in patients who require redo-surgery.
Our study has several limitations. First, our study was a retrospective study from a single institution. However, to avoid bias in patient selection, CT images were blindly analyzed without clinical information of the prosthetic valve, echocardiographic data, and surgical findings. In addition, because only 38.2% of our study population (78 of 204 patients) underwent redo-surgery, the remaining 126 patients were excluded from the analysis of diagnostic performance. Therefore, the verification bias may be present and can result in overestimation or underestimation of diagnostic performance of imaging studies. Second, some patients may have had poor quality CT images, which can affect the diagnostic accuracy of PVL detection. In patients with arrhythmia or some valve types with cobalt-chrome component (eg, Duromedics valves and Björk-Shiley), CT scans had limited value in prosthetic valve evaluation because of severe beam hardening artifacts. 10, 24 In our study, all of 12 patients with poor CT image quality had these 2 types of valves, and they were considered to be negative for PVL on CT scans. All of these cases except one Duromedics valve were negative for PVL on surgical findings, and there was no significant effect of image quality on the diagnostic accuracy in our study. However, we suggest that further study will be needed to determine the effect of the image quality of CT scans on the assessment of mitral PVL. Third, although we used findings on the redo-surgery as the standard reference for presence of PVL and other findings, surgical findings may have its application restricted in the evaluation of limitation of motion because dynamic evaluation is impossible during surgery. Also, vegetation prevalence may be decreased because antibiotic therapy before redo-surgery may reduce the extent of vegetation, compared with preoperative echocardiography or CT. Finally, 3-dimensional TEE has been recently introduced and considered as a promising modality for evaluation of prosthetic valves. Three-dimensional TEE is superior to 2-dimentional TEE for the evaluation of paravalvular regurgitation because it provides improved localization and analysis of the PVL size and shape. 25, 26 We suggest a future study to compare the diagnostic value of cardiac CT with 3-dimensional TEE for PVL evaluation, including its detection, localization, and measurement of size.
In conclusion, cardiac CT may show better diagnostic accuracy than TTE for the detection of mitral PVL and may be comparable to TEE for the detection and localization of PVL. Moreover, CT was shown to be more useful in the evaluation of PVL in prosthetic MVs than TTE and TEE and in the detection of other findings related to prosthetic MVs.
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